Eastern Michigan University

DigitalCommons@EMU
Master's Theses and Doctoral Dissertations

Master's Theses, and Doctoral Dissertations,
and Graduate Capstone Projects

2019

Synthesis and study of the micellization behavior of a dual
temperature- and pH-responsive PAA-b-PNIPAM block copolymer
Ehsan Zarshenas Moghadam

Follow this and additional works at: https://commons.emich.edu/theses
Part of the Polymer Chemistry Commons

Synthesis and study of the micellization behavior of a dual
temperature- and pH-responsive PAA-b-PNIPAM block copolymer
by
Ehsan Zarshenas Moghadam

Thesis
submitted to the Department of Chemistry
Eastern Michigan University
in partial fulfillment of the requirements

for the degree of
MASTER OF SCIENCE
in

Chemistry
Thesis Committee:
Gregg Wilmes, Ph.D., Chair
Donald Snyder, Ph.D.
Cory Emal, Ph.D.

November 18, 2019
Ypsilanti, Michigan

Dedication

To
My beloved wife, Forough,
&
My wonderful parents,
For their endless love, encouragement, and support.

ii

Acknowledgments
Many people have supported me during the completion of this thesis which would have
never been possible without them.
I would like to express my sincere gratitude to my supervisor Dr. Gregg Wilmes at
Eastern Michigan University for his valuable guidance, continuous support, and help throughout
my master study. I would like to thank my fellow students at chemistry department for their
assistance and friendship.
My deepest appreciation and sincere gratitude goes to my family, without whom I would
have never been able to complete this thesis. Words cannot express how grateful I am to my
parents for their love and support. At last, I would like to gratefully thank my beloved wife,
Forough Zarean Shahraki, for her patience, care, unconditional love, encouragement and support.
Special thanks to Brian Reid from Resinate Materials Group Inc. for taking GPC results.

iii

Abstract

Amphiphilic diblock copolymers are composed of hydrophilic and hydrophobic regions.
When they are exposed to water, the hydrophobic blocks aggregate to form a hydrophobic core
surrounded by hydrophilic regions outside to give a core-shell micelle. These micelles have
many potential applications, such as a drug delivery system, surfactants, or nanoreactor. Many
studies have been done to optimize the performance of these copolymers. In this thesis work,
nine dual temperature- and pH-responsive poly(acrylic acid-block-N-isopropylacrylamide)
(PAA-b-PNIPAM) diblock copolymers with different relative chain lengths of the hydrophobic
and hydrophilic blocks were synthesized by reversible addition fragmentation chain transfer
polymerization. The preliminary results showed high conversion values for all products. Proton
nuclear magnetic resonance and ultraviolet–visible spectroscopies were used to study the selfassembly of synthesized copolymers in aqueous solution and measure the lower critical solution
temperatures. Results clearly showed the occurrence of micellization for all copolymers.
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Chapter 1:

Introduction

1.1 Polymers
Polymers are large molecules composed of smaller units called monomers. Through a
specified technique called polymerization, monomers are attached to each other by covalent
bonds making a long chain known as a polymer. Polymerization reactions are classified as “stepgrowth polymerization” and “chain-growth polymerization”.
The basic requirement of the step-growth polymerization reaction is having a monomer
with at least two active sites (functional group) ready to react with its neighbor monomer.
Therefore, only monomers with two functionalities or more are able to participate in a
polymerization reaction. Depending on the number of monomers participating in the
polymerization reaction and their functionality, different polymers would be formed through the
polymerization reaction. Both mentioned parameters significantly affect the final properties of
the polymer. Having monomers with the functionality of three or more would add branches on
the chain making the structure more complex, whereas the monomers in chain-growth
polymerization are alkenes or other molecules with double bonds. They would react with nearby
monomers by addition to their unsaturated double bonds.
Many polymers consist of a large number of monomers. Adding up the molecular weights
of all monomers in the chain would give the molecular weight of the final polymer, which can
reach 107 Daltons. Depending on the molecular weight and the structure, polymers show
different physical behaviors, which can be controlled by adjusting these two parameters. 1

1.2 Block copolymers
There are two different types of polymer, each being characterized by the number of
species of “repeat unit” being used in polymerization reaction: homopolymers and copolymers.
Homopolymers have a polymer structure representing multiple repetitions of one single unit type
known as a “repeat unit.” The repeat unit may consist of one or two types of monomer. Figure
1.1 shows some examples of homopolymers.1
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Figure 1.1: Examples of homopolymers
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Copolymers are macromolecules having two or more types of “repeat units.” Depending
on the arrangement of the repeat units along the polymer chain, there can be many types of the
copolymer.
A random copolymer is a copolymer in which the sequential distribution of the repeat
units is truly random. Alternating copolymers have a structure in which two different types of
repeat units are arranged alternately along the polymer chain. Graft copolymers are branched
polymer chains in which the branches and main backbone chain have their own specific repeat
unit. Finally, block copolymers are copolymers in which different repeat unit types have their
own block sequences along the polymer chain. Figure 1.2 shows the structures of different
copolymers.

Figure 1.2: Copolymer structures: A: random copolymer, B: alternating copolymer, C: block copolymer, and D: graft
copolymer2
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Figure 1.3 shows a block copolymer example.

Figure 1.3: Examples of copolymers

1.3 Stimulus responsive polymers
Stimulus responsive polymers (or smart polymers) are a kind of polymer that respond to
changes to at least one environmental factor, such as pH, temperature, salt concentration,
mechanical force, light, the presence of various small molecules and biomolecules, and
electric/magnetic fields.3–11 These polymers find many applications in different fields, such as
drug delivery systems3,8 and nanoreactors.12–14
Temperature-responsive polymers’ unique property makes them an ideal candidate for
biological and medical applications. Poly(N-isopropylacrylamide) (PNIPAM) is the most-studied
temperature-responsive polymer. As the temperature of an aqueous solution of PNIPAM rises
above a critical point, the polymer chains undergo a transition from an extended random coil
(hydrophilic-soluble in water) to a compact globular conformation (hydrophobic-insoluble in
water). The critical temperature at which this coil to globule transition happens is called the
4

lower critical solution temperature (LCST). The LCST (~32 °C for PNIPAM) is the lowest
temperature at which a mixture of polymer and water stays immiscible (two phases). This means
below the LCST, PNIPAM is hydrophilic, making a single-phase solution (miscible). Figure 1.4
displays the hydrophobicity behavior of PNIPAM at different temperatures.

Hydrophilic
PNIPAM

T<32

T>32

Hydrophobic
PNIPAM

Figure 1.4: Hydrophobicity behavior of PNIPAM in different temperature

Also, pH-Responsive polymers are another well-studied class of stimulus-responsive
polymer. Poly (acrylic acid) (PAA) is the most studied pH-responsive polymer. 3–5 At basic pH,
PAA is hydrophilic, but as pH drops to acidic, the deionized compound leaves the aqueous phase
and becomes hydrophobic. Figure 1.5 shows the hydrophobicity behavior of PAA in different
pH.

Hydrophobic
PAA

pH<7

pH>7

Hydrophilic
PAA

Figure 1.5: Hydrophobicity behavior of PAA in different pH
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1.4 Self-assembly of block copolymers (Micellization)
Block copolymers tend to self-assemble in appropriate solvents to form polymeric
micelles. These polymeric micelles can have different functions depending on interface media
and the behavior of each polymer in it. These amphiphilic block copolymers are composed of
hydrophilic and hydrophobic tails. Exposed to aqueous solution, the hydrophobic tails aggregate
and make a hydrophobic core with hydrophilic tails around them on the outside. This gives a
core-shell structure to the micelles. Figure 1.6 displays the micellization of an amphiphilic block
copolymer into a core-shell structure.

Figure 1.6: Micellization of an amphiphilic block copolymer into a core-shell structure 6

The use of stimulus-responsive polymers in a block copolymer’s structure allows for the
control of this micellization behavior. Appropriate selection of stimulus-responsive polymers can
result in a smart amphiphilic block copolymer that can reversibly assemble to core-shell
structured micelles. In other words, the micelles can be assembled and disassembled by changing
the stimuli (environmental factors) associated with stimulus-responsive polymers. For example,
for a block copolymer composed of a pH-responsive and a temperature-responsive polymer,
micelles can be opened or closed by changing the pH and/or temperature. Figure 1.7 and 1.8 are
6

the schematics of controlled micellization of a dual pH- and temperature-responsive block
copolymer. Note that in Figure 1.7, it’s assumed that pH is constant and hydrophobicity behavior
of temperature-responsive polymer increases with temperature. In Figure 1.8, on the other hand,
it’s assumed that temperature is constant and hydrophobicity behavior of pH-responsive polymer
increases in acidic pH.

Figure 1.7: Controlled micellization of a dual pH- and temperature-responsive block copolymer.
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Figure 1.8: Controlled micellization of a dual pH- and temperature-responsive block copolymer.

Even above the LCST, micellization does not occur at all concentrations. There is a critical
concentration of copolymer above which micelles form. This concentration is called critical
micelle concentration (CMC). The CMC is an important characteristic of amphiphilic block
copolymers.7,8

1.5 Reversible Deactivation Radical Polymerization (RDRP)
Reversible deactivation radical polymerization (RDRP) has earned a great deal of interest
in recent years since it can address the limitations of conventional radical polymerization (RP) by
introducing the attributes of living polymerization. This provides a considerable degree of
control over the synthesis of polymers with predetermined macromolecular architecture,
functionalities, composition, and molecular weight,9 enabling the synthesis of tailor-made
8

macromolecules such as block, star, brush and graft polymers of more complex architectures. 10–
15

Matyjaszewski9 reported that about 25,000 papers have been published on this subject from

1995 to 2014. In these papers, different authors have developed different terminologies, such as
controlled radical polymerization, living radical polymerization and controlled/living radical
polymerization, IUPAC (International Union of Pure and Applied Chemistry) encourages the
authors to use RDRP. According to IUPAC, utilizing the term “living” is not recommended since
living polymerization applies to a situation where chain termination and reversible chain transfer
are absent, but in RDRP chain termination is inevitable, the fraction of terminated chains being
between 1% and 10%.16
Standard radical polymerization consists of three main steps: initiation, the generation of
active species from initiator; propagation, the progressive addition of radicals to the monomers
and forming growing chains; and finally, termination of active chains via combination or a
disproportionation process. In addition to these steps, chain transfer, the transfer of the active site
to a previously inactive one, may occur. In radical polymerization, propagating species have a
very short lifetime. Although long chains are formed during the early stages of polymerization,
as the reaction proceeds and conversion increases, short length chains are produced due to
monomer depletion. Polymers are synthesized by standard radical techniques, therefore,
molecular weight distribution would be broad, typically more than 1.5 in the case of combination
termination and more than 2 in the case of disproportionation or chain transfer. 17 With RDRP,
due to a combination of instantaneous initiation, reversibility of chain transfer and a negligible
amount of termination, a large pool of temporarily inactive (dormant) species is rapidly formed.
In the dynamic equilibrium of the pool species, dormant species can react with propagating

9

chains and become active again. This equilibrium can occur in two ways, first reversible
activation/deactivation (Figure 1.9), and the second degenerative exchange process (Figure 1.10).

Figure 1.9: Reversible activation/deactivation in RDRP

Figure 1.10: Degenerative transfer in RDRP

In addition, under proper reaction conditions, all the chains are initiated together and
grow at a similar rate until the monomer is depleted. Consequently, molecular weight
distributions should be much narrower compared to conventional RP. 18 Figure 1.11 demonstrates
the comparison of molecular weight distribution in RP versus RDRP.
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Figure 1.11: Comparison of molecular weight distributions in RP vs. RDRP

According to Nicolas et al.,19 an ideal living polymerization has five features: constant
concentration of propagating radicals which leads to a linear evolution of ln(1/(1-conversion));
linear increase of molecular weight with conversion; narrow molecular weight distributions (low
PDI); quantitative 𝛼/𝛾 functionalities; and the possibility of synthesizing block copolymers by
introducing additional monomer(s). Gaining controlled/living characteristics is only possible in
the presence of reagents that can enable fast formation of an equilibrium between dormant and
active species. Figure 1.12 represents a general scheme of controlled radical polymerization.

Figure 1.12: General scheme of RDRP 25
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1.6 Reversible addition fragmentation chain transfer (RAFT) polymerization
Reversible addition fragmentation chain transfer polymerization (RAFT) 20–24 is one of
most well-established categories of RDRP. RAFT polymerization was discovered by Moad et al.
at CSIRCO Molecular Science group in 1988. This process, which is applicable to most
monomers polymerizable by RP, uses a RAFT agent, a thiocarbonthio group, with substituents R
and Z (Figure 1.13), as an effective chain transfer agent.

Figure 1.13: General structure of RAFT agents26

In order to properly control the kinetics of polymerization and structure of the final
polymer, the R and Z groups should be carefully selected so that sufficient addition and
fragmentation will be provided. R, as a leaving group, should be able to form a radical with
ample reactivity to efficiently initiate the polymerization. In addition, the Z group should have a
more stabilizing effect for monomers forming more stable growing radicals. Highly stabilizing
groups, such as phenol, might be good options for methacrylates and styrene polymerization, but
they retard acrylate polymerization. Similarly, although weak stabilizing groups such as -NR 2 or
-OR are proper options for vinyl esters, they are less efficient for styrene.27 Figure 1.14
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demonstrates the mechanism of RAFT polymerization, which is similar to case (3) in Figure
1.12.
According to Kilbinger,27 this approach is applicable to all of the monomers used in RP,
“unless there is some interference with Transfer Agent (TA).”. In addition, typical RP initiators,
except for peroxides that can oxidize RAFT agents, can be used in this technique. It should be
noted that the concentration of initiator compared to RAFT agent should be sufficiently lower, so
that the majority of chains originate from RAFT agent rather than the initiator.

Figure 1.14: Mechanism of RAFT polymerization27
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Chapter 2:

Research Overview

Given its high safety, abundance, and low price, the use of water as a solvent for organic
reactions has significantly increased in recent years.28,29 These are not the only reasons that
motivate the polymer and coating industry toward using aqueous solutions. New volatile organic
compounds (VOC) regulations for the coating industry and the necessity of working in aqueous
environments for health-related studies have made this shift to aqueous solutions unavoidable. 36
One of the systems developed to facilitate the use of polymers in water is the use of solutions of
self-assembling amphiphilic block copolymers (BCP). BCPs have attracted considerable interest
for decades due to their wide application in drug delivery systems 30 and nanoreactors.31–33 With
the introduction of controlled radical polymerization (CRP) techniques, the synthesis of BCPs
has entered into a new era. Some CRP techniques such as reversible addition-fragmentation
chain transfer (RAFT) polymerization provide a very narrow molecular distribution and allow
great control over the polymer’s composition and structure.34–36
Using stimuli-responsive polymers in amphiphilic block copolymer structures provides
additional capabilities. These smart polymers can respond to environmental stimuli such as
temperature, pH and salt concentration37–43 and are able to provide more control over the
amphiphilic block copolymer behavior. One of the most common stimulus-responsive polymers
which has been widely studied is the temperature-responsive Poly(N-isopropylacrylamide)
(PNIPAM).3,41,44–46
In 2009, O’Reilly et al.47 published a method for organocatalytic copolymer formation
with polymers synthesized with the RAFT polymerization technique. Given the catalyst
characteristic of proline, they incorporated one of its derivatives into a copolymer of styrene and
14

proline-derived monomers making a nanoreactor. In order to do this, they synthesized a prolinederived monomeric unit and then copolymerized it with polystyrene monomer. In a follow-up
study 35, they synthesized the same structure using two different CRP techniques; NMP and
RAFT.
Liu et al.39 synthesized a block copolymer poly(N-vinylimidazole) (PVim)-co-PNIPAM
via RAFT polymerization. Given the catalytic behavior of PVim, they did not have to
incorporate any catalyst in their nanoreactor. The hydrophilic characteristic of the PVim keep it
on the micelle shell; target reactions occurred in the aqueous phase. The catalyst’s being in
contact with water creates some limitations for this system. Many reactants are not water soluble
and also many reactions will not happen in the presence of water.
O’Reilly and coworkers33 developed a nanoreactor system by incorporating
dimethylaminopyridine (DMAP) as the catalyst into the hydrophobic core of a PS-co-PNIPAM
system. Utilizing the fact that the catalyst was inside the micelle, they were able to catalyze
reactions such as acylation. To better understand how the DMAP behaves facing the reactant
inside the core, they performed a follow-up study in which they exposed a DMAP catalyst
attached to the hydrophobic core of a PS-co-PNIPAM system to a pool of reactants and
demonstrated that substrate selectivity behavior was only based on the hydrophobicity. 48
In an attempt to add another trigger in addition to temperature for controlling the
micellization behavior of the copolymer, O’Reilly et al. 40 published a study on the behavior of
poly(methacrylate)-block-poly(dimethylaminoethyl acrylate) PMA-b-PDMAEA and
poly(methyl methacrylate)-block-poly(dimethylaminoethyl methacrylate) PMMA-bPDMAEMA. They showed how the percentage of hydrophobic monomer incorporated into the
main chain would change the temperature- and pH-responsive behaviors of copolymers. Having
15

two triggers (temperature and pH) provided even more control over system behavior. Chu et al. 41
reported similar findings in the synthesis of hydrogels. They synthesized a dual temperature- and
pH-sensitive PNIPAM-co-PAA hydrogel with comb-type grafted chain. After incorporating
varying numbers of PNIPAM graft chain into the network, they compared the equilibrium and
deswelling behaviors of the synthesized polymers together and with normal-type hydrogel.
Surprisingly, no study has been done to investigate the effect of copolymer size on its
micellization behavior. In this study, we aimed to develop nine dual temperature- and pHresponsive block copolymers and study their micellization behavior. Figure 2.1 represents the
chemical structure of copolymers. All copolymers along with their specifications are listed in
Table 2.1. We hope this research provides good insight into the relationship between the size of
copolymers and their micellization behavior. This information can bring new opportunities to
amphiphilic block copolymer applications.

Figure 2.1: Chemical structure of PAA-b-PNIPAM
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Table 2.1: Specifications of block copolymers (DP: Degree of Polymerization)

Number

DP of
DP of
PAA (m) PNIPAM (n)

Block Copolymer

1

50

50

PAA50-b-PNIPAM50

2

50

100

PAA50-b-PNIPAM100

3

50

200

PAA50-b-PNIPAM200

4

100

50

PAA100-b-PNIPAM50

5

100

100

PAA100-b-PNIPAM100

6

100

200

PAA100-b-PNIPAM200

7

200

50

PAA200-b-PNIPAM50

8

200

100

PAA200-b-PNIPAM100

9

200

200

PAA200-b-PNIPAM200

17

Chapter 3:

Experimental

3.1 Materials
Azobisisobutyronitrile (AIBN) (Sigma-Aldrich) and N-isopropylacrylamide (NIPAM)
(Tokyo Chemical Industry) were purified by recrystallization from methanol and a 1:1 mixture
of n-hexane/benzene, respectively, and were then dried under vacuum. Also, tert-Butyl acrylate
(tBA) (Sigma-Aldrich) was dried by passing through silica gel column. Carbon disulfide (CS 2)
(Sigma-Aldrich), α-Bromoisobutyric acid (Alfa Aesar), tripotassium phosphate (K 3PO4) (SigmaAldrich), 1-dodecanethiol (Sigma-Aldrich), and trifluoroacetic acid (TFA) (Sigma-Aldrich) were
used as received without any further purification.

3.2 Synthesis of the RAFT agent (CTA)
The chain transfer agent (CTA), 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid,
was synthesized by adding 1-dodecanethiol (1.21 g, 5.99 mmol) to a stirred suspension of K 3PO4
(1.27 g, 5.99 mmol) in acetone (20 ml). The solution was stirred for ten minutes before CS 2 (1.37
g, 17.97 mmol) addition. When the solution turned bright yellow, α-bromoisobutyric acid (1.00
g, 5.99 mmol) was added to the solution, which was then stirred overnight. The acetone was
removed under reduced pressure by a rotary evaporator. The residue was extracted into CH 2Cl2
(200 ml) from 1 M HCl (100 ml) by a separatory funnel three consequent times. Then, the
extract was washed with brine (100 ml) and water (100 ml). The CH 2Cl2 solution was dried with
MgSO4. The solvent was removed under reduced pressure by rotary evaporator and the residue
recrystallized in n-hexane. The 1H-NMR spectrum of the final product was consistent with
published values and show no evidence of unreacted 1-dodecanethiol (visible as a quartet peak at
18

2.5 ppm) or CH2Cl2 (visible at 5.30 ppm).34 Figure 3.1 shows the general reaction during the
synthesis of the chain transfer agent.

Figure 3.1: Synthesis of CTA

3.3 Synthesis of Block Copolymer PAA-b-PNIPAM
Block copolymer PAA-b-PNIPAM was obtained by acidolysis of PtBA-b-PNIPAM, which
was synthesized by reversible addition fragmentation chain transfer polymerization (RAFT) of
tBA followed by NIPAM. The homopolymer PtBA was prepared by RAFT polymerization of
tBA using AIBN as the initiator and 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid
as the CTA. The detailed procedure is described as follows.
19

As listed in Table 3.1, appropriate amounts of tBA, CTA, and AIBN were charged into the
reaction flask to which 10 mL benzene was then added. The solutions were first stirred and then
degassed through three freeze-pump-thaw cycles. Homopolymerizations were performed at 80
ºC overnight. The products were purified by precipitation into cold hexane and dried in a vacuum
oven at 50 ºC. Figure 3.2 shows the general reaction for the homopolymerization of tBA.

Table 3.1: Specifications of homopolymers (PtBA)

Homopolymer

DP of
PAA

tBA
Volume
(ml)

tBA to
CTA mole
ratio

CTA Weight
(mg)

tBA to
AIBN mole
ratio

AIBN
Weight (mg)

PtBA50

50

15.0

50:1

753.61

50:0.1

33.94

PtBA100

100

15.0

100:1

376.81

100:0.1

16.97

PtBA200

200

15.0

200:1

188.40

200:0.1

8.48

20

Figure 3.2: Homopolymerization of tBA

PtBA-b-PNIPAM block copolymers were obtained through RAFT polymerization of
PtBA homopolymers using AIBN as initiator. The detailed procedure is described as follows.
According to Table 3.2, different amounts of PtBA, NIPAM monomer, and AIBN were
added into a reaction flask followed by 10 mL benzene to obtain nine PtBA-b-PNIPAM reaction
solutions. The samples were first stirred and then degassed with three freeze-pump-thaw cycles.
Copolymerizations were performed at 80 ºC overnight. The products were purified by
precipitation in cold mixture of water/methanol (50:50) and dried in a vacuum oven at 50 ºC.
Figure 3.3 shows the general reaction for copolymerization.
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Table 3.2: Specifications of block copolymers

PtBA
weight (g)

tBA to
NIPAM mole
ratio

NIPAM
weight (g)

tBA to AIBN
mole ratio

AIBN
weight (mg)

PtBA -b-PNIPAM

50

1

50:50

0.88

50:0.1

2.56

PtBA -b-PNIPAM

100

1

50:100

1.77

50:0.1

2.56

PtBA -b-PNIPAM

1

50:200

3.53

50:0.1

2.56

PtBA -b-PNIPAM

50

1

100:50

0.44

100:0.1

1.28

PtBA -b-PNIPAM

100

1

100:100

0.88

100:0.1

1.28

PtBA -b-PNIPAM

1

100:200

1.77

100:0.1

1.28

PtBA -b-PNIPAM

50

1

200:50

0.22

200:0.1

0.64

PtBA -b-PNIPAM

100

1

200:100

0.44

200:0.1

0.64

PtBA -b-PNIPAM

1

200:200

0.88

200:0.1

0.64

Block Copolymer
50

50
50

200

100

100
100

200

200

200
200

200

O

O

S
OH
S

S

m
O

PtBA

+

HN
O

AIBN
NIPAM
NH

O

O

O
OH
S

S

n

m
O

S

PNIPAM-co-PtBA
Figure 3.3: Copolymerization reaction
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PAA-b-PNIPAM block copolymers were obtained by acidolysis of PtBA-b-PNIPAM
block copolymers in 5 mL dichloromethane by adding trifluoroacetic acid (TFA). Specification
of each acidolysis solution and its chemical reaction are shown in Table 3.3 and Figure 3.4,
respectively. The acidolyses were carried out overnight at room temperature. After evaporation
of the solvent, the product was purified by precipitation in cold hexane and dried under vacuum.
Table 3.3: Specification of acidolysis reactions

Copolymer
weight (mg)

tBA to
TFA mole
ratioi

TFA
Volume
(ml)

50

50

1:5

0.08

100

50

1:5

0.05

200

50

1:5

0.03

50

50

1:5

0.11

100

50

1:5

0.09

200

50

1:5

0.05

50

50

1:5

0.12

100

50

1:5

0.10

200

50

1:5

0.08

Block Copolymer
PAA -b-PNIPAM
50

PAA -b-PNIPAM
50

PAA -b-PNIPAM
50

PAA -b-PNIPAM
100

PAA -b-PNIPAM
100

PAA -b-PNIPAM
100

PAA -b-PNIPAM
200

PAA -b-PNIPAM
200

PAA -b-PNIPAM
200

i: With respect to ester group of PtBA block
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Figure 3.4: Acidolysis reaction
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Chapter 4:

Results and Discussion

4.1 Characterization of CTA
Proton nuclear magnetic resonance (1H-NMR) spectra were acquired in CDCl3 at 25°C on
a JEOL ECX-400 400 MHz Multiple Nucleus NMR spectrometer. A total of 16–32 scans were
accumulated.
Figure 4.1 shows the 1H-NMR spectra of 1-dodecanethiol (DT) as the main reactant and 2(Dodecylthiocarbonothioylthio)-2-methylpropionic acid as the synthesized CTA.

Figure 4.1: 1H-NMR spectra and signal assignments of 1-dodecanethiol (DT) and 2-(Dodecylthiocarbonothioylthio)2-methylpropionic acid (CTA)
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The spectrum of 1-dodecanethiol (DT) has a quartet peak at 2.48 ppm which is attributed
to 2 protons of methylene (CH2) next to the SH group. Located next to a stronger electronegative
group in the CTA structure, this peak has appeared further downfield (3.28 ppm) in the spectrum
of CTA.

4.2 Characterization of PtBA homopolymers
Three PtBA homopolymers were synthesized by RAFT polymerization as previously
described. 1H-NMR and gel permeation chromatography (GPC) were used to characterize the
products.
Molecular weights and polydispersity index (PDI) of PtBA homopolymers were
measured using a Waters 1515 GPC (Refractive index detector) analysis system with THF as the
eluent and narrow-polydispersity polystyrene as the calibration standard. The GPC measurement
results are summarized in Table 4.1. The low PDI values indicate that molecular mass
distribution for all polymers is narrow. Moreover, obtaining a close number to its theoretical
value for number average molecular weight (Mn) indicates a high efficiency for the RAFT
polymerization technique.
Table 4.1: GPC data of PtBA homopolymers

Homopolymer

DP of
PtBA

Theoretical
Mn (g/mol)

Mn
(g/mol)

Mw
(g/mol)

PDI

PtBA50

50

6773.1

7744

9210

1.189

PtBA100

100

13181.6

15738

18827

1.196

PtBA200

200

25998.6

26356

34705

1.317
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In the 1H-NMR spectra, there is no sign of monomer presence after polymerization.
Figures 4.2-4.4 show the 1H-NMR spectra in CDCl3 at 25 ͦC before and after polymerization for
PtBA50, PtBA100, and PtBA200, respectively. After polymerization, all products were purified as
described previously.

Figure 4.2: 1H-NMR spectra before polymerization (BPo) and after polymerization (APo) for PtBA 50
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Figure 4.3: 1H-NMR spectra before polymerization (BPo) and after polymerization (APo) for PtBA 100

Figure 4.4: 1H-NMR spectra before polymerization (BPo) and after polymerization (APo) for PtBA 200
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For all three homopolymers, all peaks associated with vinyl protons are gone after
polymerization. This indicates that an insignificant amount of monomer (< 1%) is left after
purification. Another sign of a successful polymerization is that the narrow singlet peak
associated with the methyl protons on the tert-butyl group is broadened and shifted upfield after
polymerization. This happens when the polymer chains get packed together and their mobility is
decreased, which in turn causes the corresponding peak to broaden out.
To measure the conversion (yield), the integrated values were normalized based on the
peak associated with protons of the methyl (CH3) group at the end of CTA chain which shows up
around 0.85 ppm (Figure 4.1). The intensity of this peak is not expected to change throughout the
polymerization and provides a good comparison of chemical changes caused by the
polymerization reaction. In fact, normalization converts relative numbers to comparable numbers
that can be put into the calculation. Table 4.2 summarized the integrated values for peaks of
methyl protons (CH3) before (tBA) and after (PtBA) polymerization. Conversions were
calculated using Equation (1). The real degrees of polymerization were calculated by multiplying
of theoretical values (degrees of polymerization) by conversion numbers.

Conversion (%) =

Eq. (1)

.

(

)

.

(

)

× 100

Table 4.2: Conversions and the real degree of polymerization of homopolymers

Homopolymer

Peak integration
value at 1.62 (BPo)

Peak integration
value at 1.43 (APo)

Conversion
(%)

Real DP
of PtBA

PtBA50

185.02

189.57

97.6

48.8

PtBA100

519.40

491.46

94.6

94.6

PtBA200

1.085

1.011

93.2

186.4
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4.3 Characterization of PtBA-b-PNIPAM block copolymers
Nine PtBA-b-PNIPAM block copolymers were synthesized by RAFT polymerization as
previously described. Proton nuclear magnetic resonance (1H-NMR) was used to characterize the
synthesized copolymers. 1H-NMR spectra in CDCl3 at 25 ͦC are shown in Figure 4.5 before and
after polymerization. As the spectra of all copolymers were similar, only one of them is shown
here as an example. There are three signs in all spectra confirming a complete polymerization.
First, no monomer peak (three peaks associated with protons of the vinyl group) is left after
polymerization. Second, the septet peak from the proton of the methine (CH) group on the
NIPAM monomer around 4.2 ppm became a broad singlet peak and was shifted upfield a little
after polymerization. This happens when the polymer chains get packed together and their
mobility is decreased, which in turn causes the corresponding peak to broaden out.

Figure 4.5: 1H-NMR spectra before copolymerization (BPo) and after copolymerization (APo) for PtBA 50 -bPNIPAM200
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Third, both methyl (CH3) proton peaks for PtBA and NIPAM groups were broadening.
After polymerization, all products were purified as described previously. Also, in the 1H-NMR
spectra after polymerization and before purification where a mixture of reacted and unreacted
monomers exists, the integrated peak areas attributed to the proton of the methine (CH) group of
the NIPAM monomer and polymer chain (PNIPAM) were measured. These values as
summarized in Table 4.3 were put into the calculation to determine the conversion of
copolymerization using Equation (2). Note that there was no need to normalize two spectra here,
since only the data from the second spectrum (after polymerization) is used to calculate
conversions. As the spectra of all copolymers were similar, only one of them is shown here as an
example in Figure 4.6.
Eq. (2)

Conversion (%) =
. (
. (

)

)

. (

)

× 100

Table 4.3: Conversion of copolymerization reactions

Peak integration
value at 4.2 (BPo)

Peak integration
value at 4.0 (APo)

Conversion
(%)

PtBA -b-PNIPAM

50

0.085

10.50

99.2

PtBA -b-PNIPAM

100

0.045

10.40

99.6

PtBA -b-PNIPAM

0.540

15.91

96.7

PtBA -b-PNIPAM

50

0.030

0.970

97.0

PtBA -b-PNIPAM

100

0.020

1.70

98.8

PtBA -b-PNIPAM

0.050

11.30

99.6

PtBA -b-PNIPAM

50

0.040

3.00

98.7

PtBA -b-PNIPAM

100

0.420

5.20

92.5

PtBA -b-PNIPAM

0.074

8.30

99.1

Block Copolymer
50

50

50

200

100

100

100

200

200

200

200

200
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Figure 4.6: Integrated peaks to calculate the conversion of PAA50-b-PNIPAM200

Moreover, the integrated peak areas for the proton of methine (CH) group of NIPAM in
polymer chain (PNIPAM) and the protons of methyl (CH3) groups of tBA in polymer chain
(PtBA) were measured. These values were used to calculate the molar ratio of tBA to NIPAM in
polymer chains according to Equation (3). Having tBA’s real degree of polymerization
calculated in Table 4.3, NIPAM’s real degree of polymerization and eventually the number
average molecular weight (Mn) can be determined using Equation (4). Data are shown in Table
4.4.
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Eq. (3)

Mole ratio of tBA to NIPAM =

(
(

)/
)

where CH (PNIPAM) is the integrated peak area for the proton of methine (CH) group of
NIPAM in polymer chain (PNIPAM) and CH3 (PtBA) is the integrated peak area for the protons
of methyl (CH3) groups of tBA in polymer chain (PtBA).

Eq. (4) Mn = (Real DP of PtBA block × Molar mass of tBA) + (Real DP of PNIPAM × block

Molar mass of NIPAM) + Molar mass of CTA

where the real degree of polymerization of PtBA block is calculated in Table 4.2 and real degree
of polymerization of PNIPAM block is calculated by multiplying the copolymerization
conversion (Table 4.4) by the theoretical value from Table 2.1. Molar masses for tBA, NIPAM,
and CTA are considered as 128.17 g/mol, 113.16 g/mol, and 364.63 g/mol, respectively.
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Table 4.4: Mole ratio of tBA to NIPAM and molecular weight of block copolymers

CH3
(PtBA)

CH
(PNIPAM)

Mole ratio
(tBA to
NIPAM)

Real
DP of
PtBA

Real DP of
PNIPAM

Mn
(g/mol)

50

142.2

16.7

0.95

48.8

49.6

12136.6

100

58.5

13.6

0.48

48.8

99.6

17811.1

200

36.9

18.2

0.23

48.8

193.4

27584.5

50

34.2

1.8

2.11

94.6

48.5

17449.4

100

89.1

7.4

1.34

94.6

98.8

23402.9

200

38.7

8.8

0.49

94.6

199.1

34869.1

50

72.9

2

4.05

186.4

49.3

29451.3

100

47.7

2.6

2.04

186.4

92.5

32157.9

200

61.2

6

1.13

186.4

198.2

46278.2

Block Copolymer
PAA -b-PNIPAM
50

PAA -b-PNIPAM
50

PAA -b-PNIPAM
50

PAA -b-PNIPAM
100

PAA -b-PNIPAM
100

PAA -b-PNIPAM
100

PAA -b-PNIPAM
200

PAA -b-PNIPAM
200

PAA -b-PNIPAM
200

4.4 Characterization of PAA-b-PNIPAM acids
Nine PAA-b-PNIPAM block copolymers were prepared by acidolysis with trifluoroacetic
acid as previously described. Proton nuclear magnetic resonance ( 1H-NMR) was used to
characterize the prepared copolymers. 1H-NMR spectra in deuterated DMSO at 25 ͦC and 80 ֯C
are shown in Figures 4.7 before and after acidolysis. As the spectra of all copolymers were
similar, only one of them is shown here as an example. It is clearly shown that the tert-butyl peak
is gone after acidolysis.
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Figure 4.7: 1H-NMR spectra before acidolysis (BAc) and after acidolysis (AAc) for PtBA 50 -b-PNIPAM200

4.5 Micellization
The prepared diblock copolymers have one PAA block and one PNIPAM block. If the
polymer is dissolved in water, as previously stated, depending on the temperature and/or pH,
each block can show hydrophilic or hydrophobic behavior. At low temperature and basic pH
(around 9), both blocks are hydrophilic. By increasing the temperature above 32 ͦC (LCST for
NIPAM), it is expected that PNIPAM turns to a hydrophobic block and the PAA block stays
hydrophilic. The 1H-NMR spectra of diblock copolymers can be used to identify whether
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micellization has occurred. For PAA-b-PNIPAM, two main resonance peaks can be compared:
(1) The protons from two methyl groups (CH3) on the PNIPAM block show up around 1.2 ppm;
and (2) the proton from the methine group (CH) on the PNIPAM block is around 4 ppm. Since
PNIPAM is the only block that has undergone changes (hydrophilic to hydrophobic conversion),
both studied identifying peaks belong to this block. At higher temperature, when micellization
occurs, both peaks would disappear. This is because as the protons in the hydrophobic block
(PNIPAM) get packed together, they start to act more as a solid than a dissolved compound.
They are now part of the hydrophobic core inside the micelle with no interaction with solvent.
1

H-NMR spectra were taken for each of the diblock copolymers in D2O over a temperature range

of 25 ͦC to 45 ͦC for every 5 ͦC change. As the spectra of all diblock copolymers were similar,
only one of them is shown here as an example in Figure 4.8.
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Figure 4.8: 1H-NMR spectra of PAA50 -b-PNIPAM200 at different temperatures

In order to obtain a more accurate number of LCST (lower critical solution temperature)
of each diblock copolymer, UV-Vis (ultraviolet–visible) spectrophotometry was used. In a
constant concentration of 10 g/L, basic pH (9) and room temperature, the transmittance spectrum
of each diblock copolymer in deionized water was measured. It is expected that after increasing
the temperature and passing the LCST point, that micelles will start to form and decrease the
transmittance by increasing the scattering as shown in Figure 4.9. Transmittance spectra were
taken for each of the diblock copolymers in water over a temperature range of 20 ֯ C to 50 ֯C. As
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the spectra of all diblock copolymers were similar, only one of them is shown here as an
example.
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Figure 4.9: Transmittance spectra of PAA50 -b-PNIPAM100 at different temperatures (C=10 g/L)

Monitoring the mentioned decrease in transmittance number upon micellization at a
given wavelength, the LCST (turning point) can be determined easily. To have a consistent
calculation, the wavelength of 400 nm was selected to compare the transmittance data and
measure LCST. Transmittance data in different temperatures for all diblock copolymers were
shown in Figures 4.10–4.18.
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Figure 4.10: Transmittance data of PAA50 -b-PNIPAM50 at 400 nm in different temperatures
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Figure 4.11: Transmittance data of PAA50 -b-PNIPAM100 at 400 nm in different temperatures
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Figure 4.12: Transmittance data of PAA50 -b-PNIPAM200 at 400 nm in different temperatures
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Figure 4.13: Transmittance data of PAA100 -b-PNIPAM50 at 400 nm in different temperatures
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Figure 4.14: Transmittance data of PAA100 -b-PNIPAM100 at 400 nm in different temperatures
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Figure 4.15: Transmittance data of PAA100 -b-PNIPAM200 at 400 nm in different temperatures
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Figure 4.16: Transmittance data of PAA200 -b-PNIPAM50 at 400 nm in different temperatures
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Figure 4.17: Transmittance data of PAA200 -b-PNIPAM100 at 400 nm in different temperatures
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Figure 4.18: Transmittance data of PAA200 -b-PNIPAM200 at 400 nm in different temperatures

In each diagram, the turning point temperature, where the amount of transmittance falls
from high region to low region, was considered as the LSCT. Table 4.5 shows these data for each
diblock copolymer.
Table 4.5: LCST data for diblock copolymers

Block Copolymer
PAA -b-PNIPAM

50

35

100

37

200

35

50

PAA -b-PNIPAM
50

PAA -b-PNIPAM
50

PAA -b-PNIPAM

50

35

100

35

200

37

100

PAA -b-PNIPAM
100

PAA -b-PNIPAM
100

PAA -b-PNIPAM
200

PAA -b-PNIPAM
200

PAA -b-PNIPAM
200

43

LCST
(֯C)

50

42

100

37

200
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Although the extracted LCST numbers shown in Table 4.5 are not far from the original
LCST for NIPAM (32 ͦC), no clear pattern or correlation to copolymer’s size is noticeable.
Thus, more detailed measurements of the micellization should be performed in the future.
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Chapter 5:

Conclusion and future work

The original aim of this study was to develop nine dual temperature- and pH-responsive
PAA-b-PNIPAM diblock copolymers and study their micellization behavior. Diblock
copolymers along with chain transfer agent (CTA) were successfully synthesized. The
occurrence of micellization was confirmed using both proton nuclear magnetic resonance ( 1HNMR) and ultraviolet–visible (UV-Vis) spectrometry techniques. Moreover, the lower critical
solution temperature (LCST) of each PAA-b-PNIPAM diblock copolymer was measured using
UV-Vis spectrometry. However, a clear trending pattern cannot be noticed for their LCST values
which can be attributed to the measurement precision of UV-Vis instrument.
For future study, a UV-Vis instrument with an accuracy of 0.5 ͦC measurements in
temperature is required to further investigation of the effect of copolymer’s chain length on
LCST value. Also, measuring the critical micelle concentration (CMC) value for diblock
copolymers can give useful data regarding their performance.
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Appendix: List of Abbreviations
RT: Room Temperature
1

H-NMR: Proton Nuclear Magnetic Resonance

GPC: Gel Permeation Chromatography
UV-Vis: Ultraviolet–Visible Spectrophotometry
RAFT polymerization: Reversible Addition Fragmentation Chain Transfer Polymerization
PAA-b-PNIPAM: Poly(acrylic acid)-b-Poly(N-isopropylacrylamide)
PtBA-b-PNIPAM: Poly(tert-Butyl Acrylate)-b-Poly(N-isopropylacrylamide)
CTA (or RAFT agent): Chain Transfer Agent
NIPAM: N-isopropylacrylamide
PNIPAM: Poly(N-isopropylacrylamide)
tBA: tert-Butyl Acrylate
PtBA: Poly(tert-Butyl Acrylate)
PAA: Poly(acrylic acid)
AIBN: Azobisisobutyronitrile
TFA: trifluoroacetic acid
Mn: number average molecular weight
Mw: weight average molecular weight
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